We investigate the intermittency of anisotropic magnetohydrodynamic (MHD) turbulence in high-speed solar wind. Using the data recorded by the Ulysses spacecraft, we apply the Castaing function to model the probability density functions of the fluctuating magnetic field and calculate the magnetic structure functions (SFs) S p of the order p in the coordinates (r, Θ), with r being the length scale and Θ the direction of the local mean field. The scaling exponent ζ , from S p (r, Θ) ∝ r ζ (p,Θ) , has an anomalous nonlinear dependence on p, implying the intermittent scaling of solar wind turbulence, which has been observed for decades. Furthermore, we study the anisotropy of solar wind turbulence introduced by the strong mean magnetic field. From
INTRODUCTION
Solar wind is a turbulent plasma system consisting of fluctuations that arise from local turbulence transport or are generated in the solar corona, then advect passively into the heliosphere. Solar wind fluctuations are characterized by the inertial range with a power spectrum covering a broad range of scales from minutes to hours. Early statistical measurements showed that the power spectrum of solar wind fluctuations is consistent with the −5/3 Kolmogorov-like description of turbulent fluid (Coleman 1968; Bavassano et al. 1982) . Afterward, further observations revealed the anisotropy and intermittency of solar wind as an example of magnetohydrodynamic (MHD) turbulence (Matthaeus et al. 1990; Burlaga 1991) .
The probability density function (PDF) is a popular tool widely applied to study the statistical properties of solar wind (Leubner & Vörös 2005; Salem et al. 2009; Nicol et al. 2009 ). It is known that for the solar wind basic parameters, such as velocity, magnetic field, and density, the PDF is Gaussian on large scales (hours), but on small scales (minutes) the PDF is a heavy-tailed non-Gaussian with a non-zero kurtosis (Marsch & Tu 1997; Sorriso-Valvo et al. 1999; Riazantseva & Zastenker 2008) , which implies more large-amplitude events or intermittent bursts. Usually, the intermittency is considered as the result of the inhomogeneous redistribution of energy in the turbulence cascading process. The intermittency also results in the multifractal or intermittent scaling, which can be quantified through the scaling analysis of the structure functions (SFs),
is the PDF of x, and p > 0 is the order (noninteger for the generalized SF), and the angular bracket refers to the ensemble average. However, due to the erratic behavior of the outlying data, it is difficult to make a reliable evaluation on the SF especially for the moments of the order p > 4 directly from the crude PDF (Dudok de Wit & Krasnosel'Skikh 1996; Horbury & Balogh 1997; Sorriso-Valvo et al. 1999 ). To make a reasonable estimation, the Castaing function had been employed to model the PDF in many studies on turbulent system (Castaing et al. 1990; Sorriso-Valvo et al. 1999; Yang & Tam 2010) . In this work, we apply a similar technique in the statistics for the solar wind magnetic field.
On the other hand, the presence of the strong magnetic field introduces the anisotropy into the magnetofluid. In the wellknown theory proposed by Goldreich & Sridhar (1995) for strong incompressible MHD turbulence, the authors assumed the critical balance condition with a transverse eddy turnover time equal to the longitudinal wave transfer time. This condition also requires a scale correlation, k ⊥ ∝ k α , with α = 3/2 denoting the anisotropic scaling of turbulence eddies or its elongation in the direction parallel to the mean magnetic field as the turbulence cascading proceeds to smaller scales. In both numerical simulations and solar wind measurements, evidence had been found to be quantitatively consistent with the theory (Cho & Vishniac 2000; Horbury et al. 2008; Podesta 2009; Luo & Wu 2010) . However, it is not known what kinds of effects the intermittency will have on the anisotropy of MHD turbulence in the cascading process. Here, we will study this question in the high-speed solar wind using the data recorded by the Ulysses spacecraft.
DATA AND ANALYSIS
The Ulysses spacecraft provides a unique opportunity with, its continuous long-term high-speed solar wind observations, to study the relatively stationary magnetofluid. We work with the 1 s magnetic field data (in the Radial-Tangential-Normal coordinates) for a 31 day interval (DOY 355/1995 (DOY 355/ -21/1996 , when the spacecraft moved over the latitude 50.
• 3-54.
• 8 with the solar distance 3.0-3.2 AU. During this period, we find no largescale coronal mass ejections or shock-like structures. The solar wind is relatively steady with the speed 860 km s −1 > V sw > 710 km s −1 and the mean plasma density is n 0.254 cm V sw . Then, the Taylor hypothesis r = V sw τ can be used to transform the time lag τ in the spacecraft frame into the length scale r in the solar wind frame, and hereafter, we take the latter as the length scale, referring to the normalization scale as 800 km.
We consider the generalized magnetic SF of the pth order,
with the integrand A p and the magnetic field difference δB(r) = B(x + r) − B(x) and σ the standard deviation of δB. k is defined as the conditioning parameter to determine the range of integration. And in a self-similar system, the scaling relation can be described using
where ζ is the scaling exponent. As known to us, ζ p is a linear function of p for monofractal scaling, but the multifractal or intermittent scaling is modeled by a quadratic and concave ζ p . In the practice of data analysis, the multifractality could also be the result of the finite sampling effects, for which Kiyani et al. (2006) developed a novel-conditioned SF method to recover the underlying scaling by successively excluding a fraction of the outliers of distribution. This conditioned SF method was further applied to study the scaling of solar wind turbulence Hnat et al. 2007; Salem et al. 2009 ). Here, we extend this technique to analyze the multifractality due to the effects of the intermittent bursts of fluctuations. By increasing the conditioning parameter k to cover a greater outlying range of the PDF in the integration in Equation (1), we can study the nonlinear behavior of ζ and quantify the intermittency influence on the anisotropy of MHD turbulence in solar wind.
In this work, the MHD turbulence is assumed to be axisymmetric around the scale-dependent local mean fieldB(r = V sw τ ) = 1 τ t+τ t B(t)dt, the direction of which is described by the angle Θ = cos −1 (B r /|B|). Thus, in the two-dimensional local field frame, we have
Then, following our previous work (Luo & Wu 2010) To obtain the two-dimensional SFs, we must have the PDFs of the differenced magnetic field over these bins (r m , Θ n ). Taking the bin (r 15 , Θ 10 ) as an example, we have ∼232,049 sampling points. In Figure 1 , we see the PDF and the integrands A p in Equation (1) for the radial component of magnetic field B r . In the upper panels, the major value of P (δB) and A 2 for the original PDF (solid curves) is smooth and we can attain a good estimation of the SFs. In the lower panels, however, the major value of A 4 and A 6 for the original PDF becomes unstable and it is difficult to acquire a reliable estimation of the SFs.
To overcome these difficulties, we apply the Castaing function
with x B = δB/ δ 2 B the normalized magnetic field difference, to model the original PDF (Castaing et al. 1990; SorrisoValvo et al. 1999; Yang & Tam 2010) . The optimized values of λ and x 0 are determined by fitting the original PDF with Equation (4). A detailed study of λ and x 0 as the intermittency parameters for solar wind turbulence can be found in Pagel & Balogh (2003) .
In the upper-left panel of Figure 1 , the Castaing distribution (asterisks) matches the original PDF well with a fat tail compared to the normal distribution (dotted line). And in the lower panels, A 4 and A 6 for the Castaing model become smooth and stable. Consequently, we have a better estimation for the high-order SFs. Additionally, the generalized SF is not always sufficient to directly reveal the scaling of a turbulence system, and the extended self-similarity (ESS) technique is often applied to improve the scaling analysis (Frisch 1995; Nicol et al. 2008; Chapman et al. 2009 ). Based on the ESS technique, we first calculate the SFs of the noninteger-order p = 1 + p /4, where p = {1, 2, ..., 28}. A few of the SFs are shown in Figure 2 . Panel (a) shows the SF of the first-order S 1 (r) ∝ r ζ 1 , with 20s < r < 2000s referring to the typical inertial range in solar wind what concerns to us (Goldstein et al. 1995; Nicol et al. 2008) . In panels (b) and (c), we find the accurate scaling relation between the successive SFs, S p (r) ∝ (S p −1 ) μ p −1 . With these quantities ζ 1 and μ p derived from above, we have
And it should be noted that panel (d) shows that ζ 2 changes continuingly with the conditioning parameter k. This is a signature of the multifractal or intermittent turbulence, different from the finite sampling effects in a self-affine system, where ζ 2 is expected to reach a constant value quickly with decreasing k. More details can be found in Kiyani et al. (2007) . Furthermore, from the ESS analysis of S p (r m , Θ n , k), we can obtain the scaling exponent ζ (Θ n , k). In Figure 3 , ζ = ζ (Θ = 0) and ζ ⊥ = ζ (Θ = π/2) are displayed in the left panel for the Castaing model. And as a comparison, we also display the results for "data" (right panel), which are derived from the SFs obtained directly using the time average of data points. With the conditioning parameter k = 2.5, both ζ and ζ ⊥ are close to being linear with respect to the order p. With larger k, the nonlinear dependence of ζ on p or the intermittent scaling appears when more outlying contributions from the PDFs are taken into account. With k = 10 and 15, ζ becomes concave. This multifractality is considered here to be the result caused by intermittency (Pagel & Balogh 2003; Kiyani et al. 2006) . A more interesting question is: what is the effect on the spatial correlation when the intermittency begins to dominate? From Equations (2) and (3), and
to characterize the spatial correlation in the direction Θ n for the moment of the order p. In Figure 4 , α for the data (right panel) and for the Castaing model (left panel) are compared within the different conditioning parameters k = 2.5, 5, 10, and 15. When k = 2.5, α is close to 2.3 and relatively flat, which indicates an invariable spatial correlation for monofractal system. However, with larger k, α increases with p especially for the case of the Castaing model. We consider this as the result of the intermittency effect on the anisotropy of the turbulence eddies.
More results with k = 10, a moderate condition for intermittency, are displayed in Figure 5 (dotted line), B t (dashed line), B n (dash-dotted line), |B| (solid line), and B (triple-dot-dashed line).
CONCLUSIONS
In conclusion, the anisotropic scaling of solar wind turbulence was examined using the data recorded by the Ulysses spacecraft. We modeled the PDF of magnetic field fluctuations with the Castaing function and applied the ESS technique in the scaling analysis to obtain the exponents ζ p . The influence of intermittency on the scaling was studied by increasing the conditioning parameter k to cover more outliers of PDF, and then, we introduce α p to describe the intermittency effect on the anisotropy of MHD turbulence.
The anisotropy of solar wind turbulence was usually investigated using the second-order moment, such as in many recent observations, the magnetic variance anisotropy (Smith et al. 2006) , the correlation length scale (Weygand et al. 2009) , and the power index (Chen et al. 2010) . In this work, we study the anisotropy with respect to the moment of the order p = [1, 8] and the related intermittency effect observed in the solar wind magnetic field. For the case shown in the lower panel of Figure 5 , α for B r exhibits the most significant influence from the intermittency, which grows from α 2 = 2.49 ± 0.31 to α 8 = 4.33 ± 0.98. And the behavior of α for the other magnetic field fluctuations is similar, increasing with the order p.
And from the theories developed recently for the anisotropic MHD turbulence, it is expected that r ⊥ ∼ r α 2 ,with α 2 (Θ 0 ) = 3/2 for Goldreich & Sridhar (1995) or α 2 (Θ 0 ) = 2 for Boldyrev (2006) , where a different picture was proposed with the maximal alignment of the magnetic and velocity field fluctuations under the constraint of constant energy flux through the scales in cascading. In this work, we find α 2 (Θ 0 ) = 1.78 ± 0.26 for B and it is still difficult to determine which model described above is better (Horbury et al. 2008; Podesta 2009 ). Moreover, if we take α to represent the spatial correlation of turbulence eddies between the parallel and perpendicular directions with respect to the magnetic field, α should be a constant and independent from the order p. In Figure 4 , α(k = 2.5) has no obvious dependence on p, which implies that in a system close to be monofractal, the turbulence eddies may play the role of the agent in transferring the moments of all the orders from larger scales to smaller scales.
In contrast, for k = 5, 10, and 15, α for the Castaing model increases with the order p in the left panel of Figure 4 . Since larger k indicates that more intermittent bursts are taken into account in the scaling analysis, the increasing α means that the intermittency plays an important role in determining the anisotropy of solar wind. We know that α > 1 implies a longer correlation length scale in the parallel direction than in the perpendicular direction, as the cascade goes to smaller scales. Therefore, for the moment of higher order p > 2, this elongation effect becomes even stronger due to the intermittency effect. These observations of the intermittency-anisotropy effect may provide some new knowledge to contribute to the understanding of real turbulence systems.
